Dedication: To Katrina Edwards 18 19 Originality-Significance Statement: This work provides insights into the metabolism and 20 adaptations of elusive Atribacteria (JS-1 clade) that are ubiquitous and abundant in methane-rich 21 ecosystems. We show that JS-1 (Genus 1) from methane hydrate stability zones contain 22 metabolisms and stress survival strategies similar to hyperthermophilic archaea. 23 35 were downstream from a novel helix-turn-helix transcriptional regulator, AtiR, which was not 36 present in Atribacteria from other sites. Overall, Atribacteria appear to be endowed with unique 37 strategies that may contribute to its dominance in methane-hydrate bearing sediments. Active 38 microbial transport of amino and carboxylic acids in the gas hydrate stability zone may influence 39 gas hydrate stability. 40 41 131 132 JS-1 Genus-1 partial genome. To gain insight into the function of JS-1 Atribacteria in the 133 GHSZ, we analyzed a 4-Mbp metagenome-assembled genome (MAG) from sample E10-H5 134 (Table S3 ). This MAG, hereafter designated "B2", was chosen for its relatively high 135 completeness (69%) and low contamination (2%). B2 lacked a 16S rRNA gene, but contained a 136 rpoB gene with 94% similarity to Atribacteria bacterium 34_128 from an oil reservoir (Hu et al., 137 2016). B2 had 35% GC content, similar to other Atribacteria (Carr et al., 2015) . Phylogenetic 138 placement based on 69 concatenated single-copy genes confirmed that B2 belonged to JS1-Genus 139 195 heterodisulfide reductase (HdrA)-methyl viologen hydrogenase (MvhAGD) complex (Fig. 4) . A 196 redox-sensing transcriptional repressor gene (hunR) immediately upstream of the hun operon 197 J
Summary:
Gas hydrates harbor gigatons of natural gas, yet their microbiomes remain 24 mysterious. We bioprospected methane hydrate-bearing sediments from under Hydrate Ridge 25 (offshore Oregon, USA, ODP Site 1244) using 16S rRNA gene amplicon, metagenomic, and 26 metaproteomic analysis. Atribacteria (JS-1 Genus 1) sequences rose in abundance with increasing 27 sediment depth. We characterized the most complete JS-1 Genus 1 metagenome-assembled 28 genomic bin (B2) from the deepest sample, 69 meters below the seafloor (E10-H5), within the 29 gas hydrate stability zone. B2 harbors functions not previously reported for Atribacteria, 30 including a primitive respiratory complex and myriad capabilities to survive extreme conditions 31 (e.g. high salt brines, high pressure, and cold temperatures). Several Atribacteria traits, such as a 32 hydrogenase-Na + /H + antiporter supercomplex (Hun) and di-myo-inositol-phosphate (DIP) 33 synthesis, were similar to those from hyperthermophilic archaea. Expressed Atribacteria proteins 34 were involved in transport of branched chain amino acids and carboxylic acids. Transporter genes Introduction 42 Gas hydrates, also known as clathrates, are cages of ice-like water crystals encasing gas 43 molecules such as methane (CH4). Because hydrates form under high pressure and low 44 temperature, their distribution on Earth is limited to permafrost and continental margins (Hester 45 and Brewer, 2009). These hydrates harbor gigatons of natural gas, which may serve as a potential 46 energy source for the future (Chong et al., 2016) . They are also susceptible to dissociation due to 47 rising ocean temperatures, which could release massive methane reservoirs to the atmosphere and 48 exacerbate global warming (Archer et al., 2009; Ruppel and Kessler, 2017) .
49
Despite the global importance of gas hydrates, their microbiomes remain mysterious.
50
Microbial cells are physically associated with hydrates (Lanoil et al., 2001) , and the taxonomy of 51 these hydrate-associated microbiomes is distinct from non-hydrate-bearing sites (Inagaki et al., 52 2006) . Because salt ions are excluded during hydrate formation (Ussler III and Paull, 2001;  53 Bohrmann and Torres, 2006) , hydrate-associated microbes likely possess adaptations to survive 54 high salinity and low water activity, as well as low temperatures and high pressures (Honkalas et (Hoshino et al., 2017; Ruff et al., 2019) , and environmental heterogeneity may select for locally 67 adapted genotypes. Indeed, Atribacteria phylogeny is highly diverse, suggesting the potential for 68 wide functional variation and niche specialization.
69
Genomic evidence for such Atribacteria specialization remains limited. To date, near-70 complete single-cell and metagenomic sequences from hot springs, wastewater, lake sediments, 71 and non-hydrate bearing marine sediments have shown that Atribacteria lack respiratory 72 pathways. The high-temperature OP-9 lineage likely ferments sugars (Dodsworth et al., 2013) 
73
whereas the low-temperature JS-1 lineage ferments propionate to hydrogen, acetate, and ethanol 74 (Nobu et al., 2016) . Both JS-1 and OP-9 lineages possess genes encoding bacterial 75 microcompartment shell proteins that may sequester toxic aldehydes, enabling their condensation 76 to carbohydrates (Nobu et al., 2016) . The available data on Atribacteria genomes suggest 77 diversification linked to organic substrate utilization, although a range of other factors, including 78 physical environmental conditions (e.g., temperature and pressure) undoubtedly also play a role.
79
Here we examined the distribution, phylogeny, and metabolic potential of uncultivated 80 JS-1 Atribacteria in cold, salty, and high-pressure sediments beneath Hydrate Ridge, off the coast 81 of Oregon, USA, using a combination of 16S rRNA gene amplicon, metagenomic, and 82 metaproteomic analysis. We found that JS-1 Genus-1 are abundant in the gas hydrate stability 83 zone (GHSZ) and that they harbor numerous strategies for tolerance of osmotic stress, including 84 many biosynthesis pathways for unusual osmolytes similar to those of thermophiles. 
86

Results and Discussion
95
"Others" category represents bacterial and archaeal phyla with <2% of total sequences.
97
Sediment porewater methane concentrations rose from negligible at the seafloor to 8% by volume 98 at 3-5 mbsf, and remained <5% below 5 mbsf, with the exception of one sample at 21 mbsf.
99
Sulfate rapidly dropped from 28 to <1 mM from 0-9 mbsf and remained <1 mM below 9 mbsf, 100 with the exception of one sample at 50.7 mbsf (2.3 mM sulfate). Outside of the metal reduction 101 zone, dissolved Mn was ~1 µM and dissolved Fe was 3-10 µM. Dissolved Mn and Fe peaked at 6 102 and 27 µM, respectively, coincident with a single layer of disseminated gas hydrate in the metal 103 reduction zone. Dithionite-extractable Fe and Mn increased slightly from 2 to 21 mbsf (0.4 to 104 1.1% and 0.002 to 0.005%, respectively; Table S1 ). Iodide concentrations were highest in the 105 GHSZ (1.4 mM), where liquid brines form as a result of methane hydrate formation. Estimated in 106 situ salinity ranged from seawater salinity (35 g kg -1 ) to >100 g kg -1 (Milkov et al., 2004) . Total 107 organic carbon concentrations in sediment varied between 1-2%. In situ temperature ranged from 108 ~4°C at the seafloor to ~6-11°C in the GHSZ.
110
Phylogenetic diversity. Phylogenetic diversity and species richness in 16S rRNA gene amplicons 111 were highest in the SMTZ and decreased with depth except in the metal reduction zone ( Fig. S2 ).
112
The relative abundance of Atribacteria (JS-1)-affiliated amplicons increased with depth, from 113 15% in the near surface to 86% in the GHSZ (Table S1) Table S2 ). 16S rRNA 120 sequences from amplicons and metagenomes generally showed consistent trends ( Fig. S3 ).
121
Atribacteria OTU abundance and composition varied significantly with sediment depth (Fig. S4 ). 
200
Osmotic stress survival. Any life that can persist in brine pockets within methane hydrate must 201 contend with high salinity (up to ~3x that of seawater) and low water potential. B2 contained 202 numerous genes for the "salt out" survival strategy, in which osmotic pressure is maintained by 203 exporting cations (Wood, 2015) . B2's cation export systems included efflux systems, 204 mechanosensitive ion channels, and Na + -H + antiporters ( Table 1) .
205
A second salt survival strategy is import and/or biosynthesis of osmolytes, most often Table S7 for 267 accession numbers and % identity to closest gene hits in other genomes.
269
A novel regulator. Three out of six of the expressed transporter proteins were encoded by genes 270 located downstream from a novel gene predicted to encode a helix-turn-helix xenobiotic response 271 element transcriptional regulator, which we named "AtiR" ( Fig. 5 ). In two instances, genes encoding 277 RTX-toxin repeats were located on atiR contigs (Table S8 ). B2 also contained numerous MazEF 278 toxin-antitoxin systems (Table S9) 370 sequences, and the rarefied OTU table was used for all downstream analyses. A core set of 371 QIIME diversity analyses was performed using 'core_diversity_analyses'. The phylogenetic 372 diversity (PD) metric (Faith, 1992) was used to quantify alpha diversity across samples.
374
Atribacteria OTU phylogenetic analysis. We generated a reference alignment of Atribacteria 375 full length 16S rRNA sequences to use as a scaffold for mapping OTU sequences generated in 
